The percentage storm-runoff response increased with increasing storm size for watersheds with storm sewers, more so for the steeper than the flat watersheds. Runoff responses ranged from 2 to 22 percent of rainfall for a 0.1-inch rain and from 14 to 52 percent for a 2-inch rain. As much as 75 percent of the runoff from a 2-inch rain was derived from pervious areas in the steeper, storm-sewered watersheds.
As a result of storm and seasonal differences in runoff response to rainfall, the seasonal distribution of runoff and loads for the rural watersheds did not follow seasonal rainfall patterns. Instead, runoff and loads were greatest in the snowmelt period and declined through the year in response to decreasing soil moisture and pervious-area runoff.
Seasonal runoff and loads from urban watersheds more closely followed seasonal rainfall patterns with a maximum in the summer. Urban storm-sewered watersheds responded to virtually every rainfall event.
Based on 18 years of simulated record, the runoff and loads expected to be equaled or exceeded on a long-term average of every 2 years in each watershed were used in an attempt to generate regression models with basin characteristics. Unfortunately, all attempted groupings of sites yielded unreliable models.
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There is need for load-mitigating measures in the steeper, more urbanized watersheds of the metropolitan area. Wetlands and other low-intensity land uses were found to be important factors in controlling loading of urban and rural streams. Loads in rural streams were highly dependent upon factors affecting runoff. Therefore, practices that increase rainfall retention near the source or that reduce channel conveyance likely will reduce rural runoff and loads.
IHTRODDCTION Background
Studies throughout the United States indicate that materials carried in nonpoint-source runoff contribute significantly to water-quality degradation of streams (Federal Water Pollution Control Administration, 1969; Lager and Smith, 1974; Sliter, 1976; Bradford, 1977; Sonzogni and others, 1980) . However, the amount of materials in runoff from individual basins differs considerably from area to area and from storm to storm within an area, indicating a need for local data (McElroy and others, 1976; Sonzogni and others, 1980) .
In the Twin Cities Metropolitan Area, preliminary estimates of the average annual nonpoint-source loads of various constituents (in tons per year) have been made through a local PL92-500 section 208 study (Oberts and Jouseau, 1979) . These estimates are based on literature values of constituent concentrations for various land-use categories and on estimates of discharge. The estimates indicate that annual loads of chemical oxygen demand, suspended solids, nitrate, lead, and zinc from nonpoint sources probably equal or exceed the annual point-source loads for metropolitan-area streams. Drainage basins suspected of being source areas for the most serious nonpoint problems have been identified. The 208 Phase I study established that a water-quality study of nonpoint-source runoff from representative urban and agricultural watersheds in the metropolitan area was needed to define relationships between land use, watershed characteristics, and tne quantity, quality, and timing of runoff.
A Phase II 208 study was initiated in October 1979 (Ayers and others, 1980) . The following statements summarize the more important findings of the study from earlier reports.
Concentration levels for many constituents in nonpoint-source runoff during snowmelt can greatly exceed the level recommended for streams and lakes in the area (Oberts, 1982) .
Detectable levels of pesticides are transported with runoff from agricultural areas, particularly when such events occur shortly after pesticide application (Oberts, 1982) .
Watersheds in which even a small amount of construction is underway contribute extraordinarily high loads of particulate matter and soluble constituents; however, properly designed detention systems reduce loads in runoff (Oberts, 1982) .
Concentrations of soluble constituents and particulate matter are both high in runoff in the Twin Cities Metropolitan Area, and methods to reduce these constituents should be considered to a greater extent in management approaches (Oberts, 1982) .
Atmospheric sources of various constituents can be significant in total-runoff loading, particularly of nitrogen and lead (Brown, 1983) .
Objectives
As cited by Ayers and others (1980) , the objectives of the Phase II 208 study were to (1) quantify and characterize storm and annual nonpoint-source runoff loads for representative watersheds, (2) provide information on transport mechanisms of water-quality constituents, and (3) develop a method to estimate storm and annual water-quality loadings from unsampled watersheds. The study was intended to provide better definition of the relationships between land use, watershed characteristics, and the quantity, quality, and timing of runoff so that effective alternatives to deal with nonpoint-source related problems can be identified by the Metropolitan Council of the Twin Cities.
The purpose of this report is to present the interpretations and relationships that were derived from analyses of runoff and chemical loading. Objectives (1) and (2) above were satisfied and are presented in this report. However, reliable regression models to satisfy objective (3) were not obtained. Follow-up work by Brown (1984; R. G. Brown, written commun., 1984) , using data from this study and from six other metropolitan area watersheds, led to a set of reliable estimating equations.
Description of the Study Area
The study area encompasses about 3,000 mi^ of the Twin Cities Metropolitan Area (Anoka, Carver, Dakota, Hennepin, Ramsey, Scott, and Washington Counties) . The population of the metropolitan area is about 2,000,000; the largest concentration is in the central cities of Minneapolis and St. Paul at a density of about 22,000 people per square mile (Oberts and Jouseau, 1979) .
Land use in the metropolitan area is 43 percent agricultural, 27 percent urban, and 30 percent open space (Oberts and Jouseau, 1979) . Urban growth is concentrated around Minneapolis and St. Paul, with the most growth to the north, south, and west. The major agricultural areas are to the south and west in Dakota, Scott, and Carver Counties.
The topography of the metropolitan area is characterized by gently undulating, glaciated uplands dissected by the Mississippi, Minnesota, and St. Croix River valleys.
Total relief is about 600 feet, ranging in altitude from less than 700 feet along the lower river reaches to more than 1,200 feet above sea level in northeastern Washington County and in Scott County.
Highlands in the eastern part of the area are part of the St. Croix terminal moraine. The area is underlain by veil-drained loamy soils and till. Drainage patterns are poorly defined in the eastern highlands, and many lakes and wetlands occur in depressions. Highlands to the south and west also are moraine areas of well-drained loamy soils, but drainage patterns are better defined than in the eastern highlands and the soils are better suited for agriculture. Many lakes and wetlands occur in depressions or as components of the stream systems.
The major outwash areas generally are characterized by sandy, well-drained soils. Outwash in Dakota County is particularly well suited to intensive farming with the aid of irrigation. Soils underlying flood plains of the major streams generally are poorly drained.
The northern part of the metropolitan area is characterized by flat-lying outwash deposits. The fine, sandy soils generally are well drained, but a high water table has created many marshes, peat bogs, and shallow lakes. Sod and vegetable farms are common.
The climate of the area is characterized by generally mild, humid summers and relatively long, severe winters. Normal annual precipitation is 27 inches, with 44 inches of snow in winter. May and June generally are the wettest months and February the driest. Most rain comes with frontal storms, but some occurs with warm-weather convective storms.
Data Collected From Selected Watersheds
The rationale for site selection and data collection was discussed by Ayers and others (1980) and Oberts (1982) . Data on discharge and water quality were collected from six agricultural watersheds (A1-A6), four urban main-stem watersheds (U1-U4), and seven urban storm-sewered watersheds (S1-S7) ( fig. 1 ; table 1). Data on rainfall quantity were available or collected at 12 sites (all agricultural sites except A2, and all storm-sewered sites). Data on rainfall quality were collected at six sites ( fig. 1) . A separate analysis of rainfall quality was made by Brown (1983) . Details on data collection, instrumentation, laboratory analysis (including quality assurance), basin characteristics, and all the data collected and used in the study are given in Fayne and others (1982) . Table 1 contains a general description of data collected at each site. Forty-four basin characteristics were determined for each selected watershed (Payne and others, 1982) .
Methods of Data Analysis
All discharge data were determined by means of stage-discharge relationships for each site (Payne and others, 1982) , except Purgatory Creek (site U2, fig. 1 ) which was estimated from flow data at a long-term U.S. Geological Survey gaging station 2 miles downstream (site P). Daily loads were computed either (1) on an event basis at storm-sewer sites and at main-stem sites during large events using instantaneous discharge and water-quality data or (2) on a daily basis for smaller events and recessions at main-stem sites using mean daily discharge and water-quality data. Load models, least-squares linear regression (Roscoe, 1975 ) models of daily load versus daily runoff, were then developed for each of the following constituents: chemical oxygen demand (COD), total suspended solids (TSS), total ammonia plus organic nitrogen (TKN), dissolved nitrite plus nitrate nitrogen (NN), total phosphorus (TP), total chloride (Cl), and total lead (Pb).
Summer (April 16-November 15) and winter (November 16-April 15) models of daily flows also were developed with stepwise multiple regression procedures. Winter models of daily flows were developed for all sites while summer models only were developed for main-stem sites. Various functions of 1980 daily discharge for one of the two long-term gaging stations (Vermillion River, site V, and Purgatory Creek, site P; fig. 1 ) were regressed with 1980 daily discharge at each site for the respective periods to obtain the daily-flow models. Daily rainfall at the Rosemount rain gage (site RM, fig. 1 ) also proved useful as an additional variable in summer models. The models were used to estimate 1963-80 daily discharges from November 16 to April 15 for all sites and from April 16 to November 15 for main-stem sites. The 1963-80 synthetic daily flows then were used with the load models to estimate 1963-80 daily loads for the same time periods.
Summer daily discharges and loads from 1963-80 at the storm-sewer sites were estimated using flow and load-regression models that were developed using rainfall characteristics.
In these models, total storm runoff or load was a function of as many as four storm characteristics, such as total rainfall, maximum hourly intensity, depth of rain for previous day, and other characteristics calculated from the 1980 rainfall record at each site. The models then were used with the 1963-80 rainfall characteristics at the Minneapolis-St. Paul airport (site AP, fig. 1 ) to estimate 1963-80 storm runoff and loads for each site. Where applicable, site AP rainfall characteristics were adjusted by one of the weighting factors listed below to account for areal differences in mean summer rainfall within the metropolitan area (Kuehnast and Baker, 1978) .
Weighting factor for areal differences in mean warm-weather rainfall Annual and seasonal frequency distributions of the 1963-80 daily runoff and loads were used to obtain the annual and seasonal runoff and loads that would be expected to be equalled or exceeded, on the average, once every 2 years. These are referred to as the 2-year recurrence annual and seasonal runoff and loads for each site. Seasonal computations were made for runoff and loads using the following seasons: 
Runoff Models for Base-Gage Sites
The first step in the process of estimating long-term loads at the study sites was to review discharge records from U.S. Geological Survey gaging stations (base gages) to determine long-term flow-frequency statistics. Three stations with at least 5 years of data were suitable for analysis; Vermillion River at Empire (VERMI), site V, from 1974-80; Purgatory Creek at Eden Prairie (PURGA), site P, from 1976-80; and Nine Mile Creek at Bloomington (NMILE), site N, from 1963-76. Winter and summer daily flow models were developed for sites V and P with the overlapping periods of record at site N to estimate flows for 1963-74 at site V and for 1963-76 at site P. Estimates of flow at sites V and P for periods of missing record from 1963-80 were developed from data at site N using the following equations: 
Runoff Models for Study Area
Winter and summer daily flow models were developed (table 2) to estimate flow at each of the study sites from long-term-flow records at base gages (sites V and P). Daily flows at all sites were used to calibrate the models during 1980. The models then were used to estimate mean daily flows at the study sites from 1963-80. All winter models (table 2) included variables that were a function of VERMI, PURGA, or JULIN. In contrast, the summer models (table 2) include variables that were a function of VERMI, PURGA, or JULIN for agricultural (A1-A6) and urban main-stem (U1-U4) sites, and a function of weighted-rainfall characteristics at site AP for storm-sewered sites (S1-S7). Flow response was slower at sites A2, A4, and U2, and correlated best with PURGA, whereas, flow at the flashier urban sites did not correlate well with either PURGA or VERMI for summer conditions. The quicker responses at these sites in the summer were more directly related to various rainfall functions (table 2) than to functions of flow at the slower-responding base gages.
The SEE (standard error of estimate) for the runoff models ranged from 13 to 34 percent, averaging about 22 percent for summer models and about 24 percent for winter models. Although the error for any predicted daily value of flow would be approximated by SEE, the difference in predicted versus observed annual runoff values in 1980 was less than 10 percent (table 3) .
Load Models for Study Sites
Models of daily loads (table 4) of COD, TSS, TKN, NN, TP, CL, and Pb were developed from 1980 daily discharge and load data for all sites. Daily load models for the storm-sewered sites were for the winter period only. Load models at storm-sewered sites for summer periods (table 4) were developed using 1980 storm loads and rainfall characteristics. 
Implications of Runoff and Load Models
Conceptually, there should be some difference in the formulation of flow and load models between sites and between constituents at a given site. In fact, differences were observed once each best-fit model was derived. Also, a model of flow for the entire year should be less accurate than separate models of flow for distinct seasons. Results of the two approaches verified that splitting the procedure into warm-and cold-weather periods, summer and winter models, indeed gave better results.
Lag and offset functions (such as previous-day or next-day) of rainfall and flow were found to be important additional independent variables because they account for variability in the response characteristics of each watershed (for example, runoff of a large watershed lagging a day behind that of a smaller watershed). JULIN functions were found to be important as surrogate variables for differences in the hydrologic response of a watershed owing to seasonal changes in such things as temperature (winter), rainfall characteristics, vegetation cover, evapotranspiration, and soil moisture.
Discharge at agricultural and urban main-stem sites was found to be the only variable that could be used to estimate loads for these sites (table 4) . Loads generated in these watersheds are directly related to discharge. This relationship suggests that implementation of land-use practices that control runoff volume (runoff retention) would reduce loads. The majority of runoff retention could be focused on controlling runoff during snowmelt and early spring because the majority of the annual loading occurs during those periods. Runoff retention could be accomplished by utilizing or creating storage along drainage ways, such as wetlands and settling ponds.
As would be expected, the volume of rain during the storm (TRAINA) was the most significant independent variable in the equation for total storm runoff volume during the summer (table 2) for all storm-sewered watersheds. Antecedent soil-moisture indexes (either DERNP3 or DERNP7, table 2) were found to be important variables in the equations for sites 81, S3, and 86. These sites are in watersheds with a high percentage of pervious area which is known to be sensitive to these antecedent soil moisture variables. However, variables related to rainfall intensity (MAX1H or RATMAX, table 2) proved important in models for storm-sewered sites with more impervious watersheds ( 82, 84, 85, and 87) .
At all seven storm-sewered sites, peak flow (PEAKQ, table 2) primarily was a function of rainfall-intensity factors (MAX1H, RATMAX, and AVGINT). However, antecedent soil moisture (DERNPD or DERNP3, table 2) was a significant second variable in equations for the two more pervious watersheds, sites S3 and 86.
As in the flow models, the volume of rain during the storm (TRAINA) was the most significant independent variable in the equations for total storm loads during the summer (table 4) for all storm-sewered watersheds. Equations developed for total storm runoff (table 2) and total storm loads during summer (table 4) for all the storm-sewered watersheds include similar independent variables, indicating that the factors that influence flow volume and loads are similar. Loads from watersheds with extensive impervious area (watersheds above sites 82, 84, 85, and 87) are related to rainfall-intensity factors. Loads from watersheds with large amounts of pervious area (watersheds above sites 81, S3, and S6) are related to antecedent soil-moisture indexes.
Retention of snowmelt and spring runoff in storm-sewered watersheds would be effective in reducing annual loads since most of the annual loading occurs during this time period. Also, for watersheds with high percentages of impervious area, it appears important to provide on-site or other proximate retention storage to reduce runoff and loads.
RESULTS OF 1963-80 RUNOFF AHD LOAD MODELS

Runoff and Load Frequency
The 1963-80 daily loads of each constituent for each site were estimated with the daily or storm-load models and 1963-80 daily flows or storm characteristics. The daily loads then were summed within each season and each year. 1 Loads are predicted on a storm basis instead of a daily basis. LOG = natural logarithm. FLOW = mean daily discharge, in ft^/s. RUNOFF = total daily runoff for the watershed, in inches. TRAINA = total amount of precipitation for the storm, in inches. TOTRUN = total runoff for the storm in that watershed, in inches. DURNF = duration of storm, in minutes. MAX1H = maximum hourly rainfall intensity, in inches per hour. AVGINT = TRAINA/DURNF or average intensity, in inches per hour. RATMAX = MAX1H/TRAINA. NDRD02 = number of hours without precipitation preceding storm. DERNPD = amount of precipitation accumulated during previous 24 hours, in inches. DERNP3 = amount of precipitation accumulated during previous 72 hours, in inches. DERNP7 = amount of precipitation accumulated during previous 168 hours, in inches. PEAKQ = peak discharge during storm, in ft /s. R2 = coefficient of determination for model. SEE = standard error of estimate for model.
Annual and seasonal frequency distributions for each site and constituent were computed (see section on Methods of Data Analysis) and the 2-year frequency loads and runoff, which are those loads and runoff expected to be equalled or exceeded on a long-term average of every 2 years, were calculated (table 5) .
Annual-Runoff Response
The annual-runoff response, defined as the ratio of 2-year frequency annual runoff to 2-year frequency annual precipitation expressed as a percentage, for all the study watersheds is listed below. Site S4 = 28 Site S5 -57 Site S6 = 33
Site S7 = 22
As might be expected, the annual-runoff responses were highest for the urban storm-sewered watersheds, with an average response of about 27 percent. The low response for site S3 was due to the extensive amount of pervious area in the watershed. Responses for sites SI and S7 also were lower as a result of the flat topography and sandy soils of the pervious area in these watersheds. In contrast, the response of the highly impervious watershed, site S6, approaches 60 percent. The annual responses seem to be related to the percentage of effective impervious area in each storm-sewered watershed, which suggests that impervious area contributions to runoff loads are significant. * Insufficient data for estimation.
The annual runoff for the four urban main stems (sites U1-U4) ranged from 13 to 20 percent of the annual precipitation. The response was directly related to the percentage of urbanization in each watershed except for site U4. This site has a considerable amount of in-channel storage area in the watershed, allowing for more infiltration and ground-water recharge, and a somewhat lower percentage response than expected from the level of urbanization.
Annual runoff response was around 14 percent for the agricultural watersheds (sites A1-A6). The highest response, 20 percent, was at site A6 because of the well-sustained high base flow. The much lower responses for sites Al and A5 are likely due to the low base flows above the gage sites in these watersheds.
Storm-Runoff Response
The storm-runoff responses, defined as the ratio of storm runoff to storm rainfall as a percentage, for the seven storm-sewered watersheds are listed below. The storm-response analysis was not done for urban or agricultural mainstem watersheds because hydrographs overlap too much to compute individual storm-event hydrographs. Generally, there was a nonlinear increase in response with increasing storm size. Storm-runoff response at sites Si and S7 (the flat, sandy watersheds) changed little with increasing rainfall volume, due essentially to a large amount of impervious area and an apparently insignificant runoff from pervious areas. The response values at all sites for 1.0-and 2.0-inch storms may be a few percentage points less than actual because some delayed responses (caused by base flows and other factors) were not included in the calculations. This is especially true for site S3, which has a large amount of detention storage on roof tops. Regression coefficient for TRAINA in table 2 (times 100)
The percent responses for 0.1-inch rainfall are all somewhat less than would be expected based on the EAREA (percentage of effective impervious area) for each watershed. This probably results from the effects of detention storage on impervious areas. Responses at Sites S2 and S3 are small, but both contain a large amount of impervious area in parking lots (and roof-top storage in S3) that may provide storage in depressions.
Of the three storm sizes, the 1.0-inch storm responses are most directly related to EAREA for each watershed. Most responses are higher than would be expected from EAREA, indicating that pervious areas also are contributing runoff, especially at sites S3, S4, and S6, which are the steeper watersheds. Although the response at site S3 is the highest, it is still considerably lower than would be expected from EAREA; again, roof-top storage in this lightindustrial area may be the reason.
The storm-runoff responses for 2-inch storms are a combined function of EAREA and pervious-area response, where the steeper watersheds (sites S3, S4, and S6) have sizeable runoff from pervious areas and the flat, sandy watersheds (sites SI and S7) do not. Again, roof-top and other detention storage greatly affects storm response at site S3 and contributes to delayed flows not included here in calculations of storm response.
There are significant water-quality-loading implications as a result of runoff-response dependence on storm size for urban storm-sewered watersheds. Generally, the effect of detention storage in impervious areas on runoff loading becomes insignificant at around 0.25 inch of rain, below which runoff loading is derived principally from effective impervious areas. Above this amount, runoff from pervious areas plays an increasingly significant role; more so in steeper urban watersheds in which as much as 75 percent of the runoff from a 2-inch storm may be derived from pervious areas (sites S3 and S4). Hence, the source of load constituents expands as storm size increases. This is in contrast to an almost negligible pervious-area response in the flat, sandy watersheds (sites Si and S7) even for 2-inch storms. As a result, the annual runoff response is lower at sites SI and S7, as is the annual load response (assuming the same type of impervious areas).
Seasonal-Runoff Response
The seasonal-runoff response, defined as the ratio of 2-year frequency seasonal runoff to 2-year frequency seasonal precipitation expressed as a percentage, for each watershed is fairly consistent within each of the groupings shown below. However, major differences between groups occurred primarily during summer and fall, seasons when most of the agricultural-watershed responses were considerably less than 10 percent. These low responses in agricultural watersheds are a result of pervious area runoff being reduced by high evapotranspiration and low soil moisture that occur in summer and fall* The response in urban watersheds ranged between 10 and 68 percent in summer and fall depending on the relative importance of pervious area runoff in each watershed. The percentage response from urban watersheds was less variable from season to season due to the role of impervious area contributions to runoff. The winter season responses in all watersheds are affected by snowfall accumulation and frozen-soil conditions. The snowmelt season yielded the highest percent response (about 40 percent) in all watersheds except S5. The higher yield is a result of frozen-soil conditions, delayed melting of snow that fell earlier in the winter, and rainfall during snowmelt. The high responses at sites A2, A6, and U2 during the fall and winter seasons reflects the high base-flow discharge in these watersheds.
Seasonal Distribution of Runoff and Loads
The percentage of the annual runoff that occurs in each season, defined as the ratio of long-term median seasonal to long-term median annual runoff as a percentage, depends on the type of watershed (table 6). Seasonal runoff in agricultural watersheds was greatest in the snowmelt period (January 1-April 15) and gradually declined throughout the year. In contrast, the seasonal distribution of runoff in the more impervious urban watersheds, especially storm-sewered watersheds, generally reflects the distribution of precipitation (table 6 ) with a maximum contribution in summer (June 16-September 15). A lower percentage contribution in fall and winter is due to reduced response from pervious areas caused by reduced soil-moisture conditions.
The seasonal distribution of loads for COD, TSS, TKN, NN, TP, Pb, and Cl was nearly the same as the distribution of runoff from each watershed, illustrating the dominant role of runoff volume in generating loads. However, there tended to be a disproportionate load (relative to runoff) associated with the snowmelt season for the storm-sewered watersheds (Sites S1-S7) for COD, TKN, NN, Pb, and Cl, but not for TSS and TP.
Seasonal Concentration Trends
Average flow-weighted seasonal concentrations were determined using the following equation: Trends at Site S3 were not included because of the effects of construction in the watershed on loads.
Seasonal concentrations of the six constituents generally were either stable or declining from snowmelt to winter at most sites. Watersheds with higher percentages of wetlands and lakes and slower runoff responses tended to have the most stable concentrations. Concentrations of the six constituents were also stable in some storm sewer watersheds, suggesting that the source of loading is consistent throughout the year.
Many of the agricultural and urban main-stem sites exhibited declining concentrations from snovmelt to winter, likely in response to decreasing erosion and transport owing to increasing vegetation cover and to decreasing runoff owing to decreasing soil moisture. Concentrations in runoff from stormsewered watersheds was fairly stable except during snowmelt, which gives an appearance of declining concentration over the year.
Runoff from most agricultural and urban main-stem watersheds showed a slight increase in Cl concentrations over the year, probably reflecting the effects of evapotranspiration and ground-water discharge in summer and fall. The storm-sewered watersheds, however, showed a 100-fold decrease in Cl during spring, summer, and fall as compared to the winter and snowmelt periods when deicing salts are used.
Concentrations of NN in runoff at site A6 increased 50 percent during the year, which is opposite to the normally expected decline in concentrations of NN during summer and fall. Irrigation-return flows in this high-base-flow watershed are a likely source of NN. TF concentrations for this site declined 7-fold from snowmelt to winter, likely due to a low TP concentration in base flow.
The effects of a small amount of construction in the watershed above site S4 were reflected in highly variable COD and summer highs in TSS and TP. Concentrations of TP were high at sites 81 and 87 in spring rather than during snowmelt, but still declined 20 to 100 percent over the year.
SUMMARY AND CONCLUSIONS
Nonpoint-source runoff was studied in 6 agricultural and 11 urban watersheds typical of the Twin Cities Metropolitan Area. Objectives of the study were to quantify and characterize storm and annual runoff and loads from representative watersheds, provide information on transport mechanisms of problematic water-quality constituents, and develop a method for estimating storm and annual runoff and loads from unsampled watersheds in the study area. All but the last objective were met. Followup work by Brown (1984; R. G. Brown, written commun., 1984) led to a set of reliable estimating equations.
Flow, precipitation, and water-quality data were collected for 15 to 30 storms and for most snowmelt periods in 1980. Event or daily-flow and load models (COD, TSS, TKN, NN, TP, Cl, and Pb) were developed for summer and winter weather conditions. The models were used with long-term daily runoff and rainfall data to compute 1963-80 daily flows and loads for each selected watershed. The models were highly dependent upon the hydrologic characteristics of each watershed.
As would be expected, total-storm-rainfall volume proved to be the most significant factor in models of both runoff and loads in storm-sewered watersheds.
Storm runoff from watersheds with large percentages of pervious area was related to antecedent soil-moisture indices; whereas, storm runoff from the more impervious watersheds was related to various rainfall-intensity factors.
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Peak-flow volume was primarily a function of rainfall intensity, although antecedent-soil moisture also affected peak flows significantly in the steeper, more-pervious watersheds.
In addition to total rainfall, factors related to rainfall intensity and to runoff from pervious areas also were significant in load models. Factors related to reduced loads owing to washoff by previous rains were significant only for load models of the more impervious watersheds. The role of particle or constituent accumulation on surfaces during dry weather was significant only for TSS, TP, and Pb models in a flat sandy watershed where runoff was derived principally from impervious areas.
The 2-year frequency annual and seasonal flows and loads computed from 1963-80 data were analyzed for various trends. Annual runoff responses were highest for storm-sewered watersheds, averaging about 27 percent of the mean annual precipitation for that period. Annual runoff responses were found to be related to the percent of effective impervious area in all storm-sewered watersheds, suggesting that runoff contributed from pervious areas is significant even in highly urbanized environments.
Annual runoff response for urban main-stem watersheds ranged from 13 to 20 percent and was found to be directly proportional to the percentage of urbanization in each watershed. Annual runoff response was about 14 percent for agricultural watersheds.
The 2-year frequency seasonal runoff response was greatest in all watersheds during snowmelt (January 1-April 15), averaging about 40 percent of the seasonal precipitation. The high seasonal response was primarily related to runoff from pervious areas owing to the combined effect of frozen soil and melting of snow that fell earlier in the winter. However, large differences between watersheds were evident during summer and fall owing to the influence of evapotranspiration and low soil moisture in lowering pervious-area runoff. Responses from agricultural watersheds were considerably less than 10 percent; whereas, responses from urban watersheds ranged between 10 and 68 percent for these seasons. Response from the urban watersheds was more consistent from season to season owing to contributions from impervious areas and response to virtually all rainfall events regardless of season.
The storm-runoff response from the seven storm-sewered watersheds increased with storm size, more so for the steeper watersheds than for the two flat, sandy watersheds. With less than about 0.25 inch of rain, runoff was derived principally from effective impervious areas. Detention storage in impervious areas apparently lowered the response from very small rains (less than 0.1 inch). With more than 0.25 inch of rain, runoff from pervious areas played an increasingly significant role, more so in the steeper watersheds. As much, as 75 percent of the runoff following a 2-inch rain was derived from pervious areas in steeper watersheds. In the flat, sandy watersheds the pervious area runoff after a 2-inch rain was negligible.
Storm-runoff response for 2-inch rains ranged from 14 to 52 percent of the rainfall, which contrasts with a range of 2 to 22 percent for a 0.1-inch rain at the seven sites.
Although an analysis of storm response was not possible for main-stem watersheds because of storm overlap, the difference in response between small and large storms probably was considerably greater than differrences between storm-sewered watersheds owing to the large amount of pervious area in the main-stem watersheds. The literature abounds with evidence, and it was observed in this study, that larger storms often dominate nonpoint-source runoff and loading from pervious watersheds.
As a result of differences in storm and seasonal responses to rainfall, there were contrasting differences in the distribution of runoff and loads over the annual cycle. The seasonal distribution of runoff in the more impervious urban watersheds, especially those with storm sewers, followed closely the distribution of annual rainfall by season, with maximum contributions in summer (June 16-September 15). The percentage of runoff during snowmelt was somewhat higher (frozen ground and delayed melting) and was somewhat lower during fall and winter (low soil moisture and less response from pervious areas). In contrast, the percentage distribution of runoff in agricultural watersheds did not follow the seasonal distribution of precipitation. Runoff from agricultural watersheds was by far greatest in the snowmelt period and gradually declined throughout the year owing to decreasing soil moisture.
Seasonal distribution of loads of COD, TSS, TKN, NN, TP, Pb, and Cl followed nearly the same distribution as runoff from each site, which results from the dominating role of runoff in generating loads. However, there tended to be disproportionate loads relative to runoff during snowmelt in the stormsewered watersheds for COD, TKN, NN, Pb, and Cl, but not for TSS and TP.
Average flow-weighted seasonal concentrations were reasonably stable (less than 20 percent variation) through the year at the main-stem sites with a higher percentage of wetlands and lakes in the watersheds and with slower runoff responses. Seasonal concentrations at some storm-sewered sites also were stable, suggesting a consistency of source or mechanisms. Most of the rest of the watersheds exhibited declining (20 to 100 percent) seasonal concentrations through the year, likely in response to both decreasing erosion and transport associated with increasing amounts of vegetation cover and to decreasing runoff response resulting from decreasing soil moisture. Stormsewered watersheds exhibited stable seasonal concentrations in all but the snowmelt period, which gives an overall appearance of declining concentrations during the year.
Results of this study suggested that as topographic relief and urbanization in a watershed increase, runoff volume and the need for measures to control runoff also will increase. A strong dependence of loading on runoff volume suggested that any practices that increase detention of rainfall at or near the source will reduce runoff volumes and, concommittently, most constituent loads.
